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In this paper a comprehensive nonlinear model of surface mounted permanent magnet synchronous machine (SPMSM) is proposed 
considering both the structural and the saturation saliencies to enable the numerical simulation of new rotor position detection 
algorithms. With an identifiable parameter matrix, a numerical nonlinear inductance model is developed, in which the rotor position 
and the stator current are taken as the variables. After experimentally identifying out all the parameters, a nonlinear mathematic model 
of SPMSM is built up. With all the machine dimensions and physical parameters, Finite Element Analysis (FEA) is applied to calculate 
the magnetic field of the machine. FEA and performance simulation results are used to verify the new nonlinear model, which can be 
further used as a virtual model to develop, simulate and verify the saturation saliency detection strategies.  
 
Index Terms— Finite element methods, nonlinear magnetic, PM machines, saturation saliency.  
 
I. INTRODUCTION 
HE permanent magnet (PM) machines, such as permanent 
magnet synchronous machines (PMSMs), have found wide 
applications due to their high power density (compactness), 
high efficiency, ease of control, high torque-to-inertia ratio, 
and high reliability. However, the rotor position sensor is 
always required in the PMSM drive systems which will not 
only increase the system cost, but also perhaps more 
importantly reduce the system reliability [1]. Even for some 
instinctive sensorless drive methods such as direct torque 
control (DTC), the initial rotor position detection is 
unavoidable [2] [3]. 
A number of techniques for position sensorless and initial 
rotor position detection have been proposed based on tracking 
the rotor magnetic saliency [4] [5]. The rotating magnetic 
saliencies inside a PMSM can be classified as the structural 
saliency that mainly comes from the interior structure, and the 
saturation saliency induced by the magnetic saturation effect of 
the stator core. In most of the reported sensorless schemes, the 
structural saliency is employed to determine the position of the 
rotor axis, while the saturation saliency, which is related to the 
rotor permanent magnets, can be used to detect the rotor 
polarity. However, these sensorless strategies can only achieve 
good performance for interior PMSM (IPMSM) [6] but not for 
SPMSM, which has little structural saliency and always could 
be neglected.  
On the other hand, the conventional PMSM model does not 
incorporate the saturation saliency [7]. When developing a 
new method for the rotor position detection, it is not possible 
to numerically simulate the proposed scheme, and the 
experimental trial and error method is widely employed, which 
is time-consuming and uncertain. Furthermore, there is no 
scale or a model to evaluate the efficiency and performance of 
the proposed sensorless schemes. 
In this paper, a nonlinear mathematical model of SPMSM is 
built up considering magnetic saturation saliency. A numerical 
nonlinear inductance model is proposed based on the stator 
currents and rotor position variation with all the parameters 
experimentally identified. FEA is applied based on the 
machine physical parameters. The magnetic fields of the 
machine under different currents and variable rotor positions 
are calculated [8]. The FEA and experiment results are used to 
verify the machine model. The comprehensive nonlinear 
machine model is built up in SIMULINK and the performance 
is simulated. This model can be further used to develop, 
simulate and evaluate the saturation saliency detection 
strategies. 
II. NONLINEAR MODEL OF SPMSM WITH SALIENCIES 
In a SPMSM, the observable total flux linkage t inside the 
air-gap is contributed by both the stator currents and the 
permanent magnet on the rotor and it is the link of the stator 
and the rotor magnetic fields. The three-phase flux linkages 
abc are here defined as the projection of t  on the stator 
reference frame and not only induced from the stator current. 
The voltage equation of the stator windings can be written as 
 
abcabcsabc
dt
d
iRv          (1) 
 
where abcv , abci  and sR  are the phase voltages, currents and 
winding resistance in the stator reference frame, respectively. 
The relationship between current and flux linkage is usually 
described by the nonlinear magnetization curve. For 
conventional linear PMSM models, this magnetization curve is 
always assumed to be linear, and the linear PMSM model is 
often expressed as 
 
abcabcabcsabc i
dt
d
LiRv         (2) 
T 
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where abcL  is the three-phase inductance matrix including the 
self- and mutual-inductances and it is independent of the stator 
currents. In the rotor reference frame, the d- and q-axis 
inductances are thereby constant. When a set of unequal d- and 
q-inductances is employed, the structural saliency of a PM 
machine can be calculated based on this model. However, this 
linear model could not be used to describe the nonlinear 
saturation saliency. 
For a nonlinear model, the magnetic saturation should be 
considered and the inductances are expressed as incremental 
inductances variable with the stator current. Then a composite 
function can be used to express the flux linkage 
 
),(  abca if          (3) 
 
where   is the rotor position angle. 
Substituting (3) into (1), the following differential equations 
can be obtained 
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 is the 
nonlinear inductance matrix which is also a composite function 
of the stator currents and the rotor position. 
III. NONLINEAR INDUCTANCE MODEL 
A. Nonlinear Mathematical Model 
As shown above, the inductance of the stator is a function of 
both the stator currents and the rotor position, which are linear 
independent [9]. For a fixed rotor position, the inductance 
curve can be expressed as a multinomial 
 
m
milililliL  
2
1
1
10)(      (5) 
 
where 0l , 1l , 2l … ml  are the inductance coefficients. 
On the other hand, for a constant stator current, the 
inductance is a periodic function of the rotor position [3]. It 
can be expressed as the sum of a series of sinusoidal 
harmonics by using Fourier Series as (6). 
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Then a composite function of both the current and rotor 
position is defined to express the inductance 
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parameter matrix. 
B. Parameters Identification 
An experiment platform is carried out on an SPMSM to 
identify the parameters and test the inductances. The block 
diagram is shown in Fig. 1. During the test, the stator currents 
are fixed at several different levels from 0 to 6A at which the 
magnetic circuit is fully saturated. For each current offset, by 
applying a smaller AC current component the incremental 
inductance of a particular rotor position is measured. By 
changing the rotor position with a dividing head, a series of 
inductance is recorded with a resolution of 6 electrical 
degrees.  
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Fig. 1.  The experiment platform for inductance test. 
 
The magnetization curve is usually expressed by using a five 
or seven order multinomial. In order to fit a seventh order 
saturation curve, m is set to 6 in (5) and (7).  
On the other hand, for the periodical inductance variation on 
rotor position change, the order of Fourier component vector 
)(C  is chosen based on the harmonics weights. Fig. 2 shows 
the inductance curves at different current offset levels. It is 
found that the harmonics of the inductance mainly converge in 
the first 8 orders based on the FFT of the inductances at 
different currents. In order to regress the inductance-position 
curve accurately, n is set to 8 in (7).  
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Therefore, the dimension of matrix A is set to 7*17, by 
setting m=6 and n=8 to acquire an accurate enough surface 
regression.  
 
Fig. 2.  Measured self-inductance curves at different current offset levels. 
 
The inductances are small and periodical fluctuant function. 
To obtain better regression results, the Least Relative Residual 
Sum of Square (LRRSS) method is employed. For the 
objective function ),( iL , the relative residual sum of square 
is defined as 
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Fig. 3 is the comparison between the tested and estimated 
self-inductance of phase A at 0A and 6A current offsets, where 
±0.5% error bands are added. It can be found that the relative 
errors of the inductances are very small and the regressed 
objective function can be used to describe the variable self-
inductance. The same regression method is applied to the 
mutual-inductance coefficients identification. Then a nonlinear 
inductance model is built up for this three-phase machine. An 
accurate inductance matrix can be calculated for given stator 
currents and rotor position. This model incorporates both the 
machine structural and the saturation saliencies.  
 
Fig. 3.  Measured and estimated self-inductance at different current offsets. 
IV. MODEL VERIFICATION BY FEA 
To verify the new nonlinear inductance model, the 2-
dimensional FEA method is applied to numerically calculate 
the magnetic field of the machine. The data of the machine 
physical parameters is collected, including the material 
characteristics of the magnets and the core. After dismantling 
the machine, the inner dimensions are also measured. Fig. 4 is 
the comparison of estimated and calculated inductances. 
 
 
Fig. 4.  Comparison of the estimated and calculated self-inductances. 
 
It can be found that the calculated inductances coincide with 
the estimated values. The errors shown in Fig. 4 mainly come 
from the dimension measurements and the stator skewed slots. 
The ending leakage inductances of the stator windings and the 
skewed slots on the stator are not considered in this 2-
dimensional FEA algorithm. The stator leakage inductance is 
calculated separately and the value is about 1.9mH.  
V. PERFORMANCE 
A comprehensive nonlinear three-phase inductances model is 
built up in SIMULINK. This new model is different from the 
linear machine model given in the SIMULINK library. 
Three-phase sinusoidal stator currents are input to the model 
with the synchronous rotor position. When it is operating at 
no-load or a light load, the current amplitude is small and there 
is no saturation in the stator core. The inductance curves are 
unsaturated as shown in Fig. 5. It is also can be found that the 
structural saliency of this machine is very small. 
 
 
Fig. 5.  Unsaturated three-phase self-inductance curves at no-load. 
 
Then, a larger current vector is input to the stator windings at 
which the stator core needs to be fully saturated. Based on the 
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experiment results of the inductance tests, the currents are set 
at 6.5A and the saturated inductance curves are shown in Fig. 
6. It can be found that the saturation effect changes the 
inductance profile and the period of the phase self-inductance 
is 2π, in which the rotor polarity is clearly involved. 
 
 
Fig. 6.  Saturated three-phase self-inductance curves at 6.5A stator current. 
 
 Based on this new nonlinear inductance saturation model, 
the mathematical model of the SPMSM is built in 
MATLAB/SIMULINK, in which both the structural saliency 
and the saturation saliency are considered.  
 The new machine model is simulated with open loop drive 
method. It is started without load and then a load torque is 
mounted on the rotor shaft, at which the three-phase stator 
inductances are saturated. The machine speed and torque 
output curves are shown in Fig. 7. 
 
 
Fig. 7.  Speed and torque output of open loop operation with a load torque 
step. 
 
 It can be found that when the machine running at no-load 
the output torque is stable because the three-phase inductances 
are unsaturated and the equivalent d- and q-axis inductances 
are almost constant which induce a constant torque output on 
the shaft. 
 On the other hand, after the load torque stepping up, the 
stator currents rise up and the stator core is saturated. There 
are ripples on the speed and torque output caused by the 
saturated and asymmetry inductances. These features make the 
simulation more accurate, but do not exist in the linear 
machine model simulations. 
VI. CONCLUSION 
The nonlinearity of the PMSM machine model is mainly 
caused by the saturable inductances of the stator windings. In 
this paper, a composite function is designed to express the 
inductance as the function of both the stator current and the 
rotor position which are de-coupled. A nonlinear model of 
PMSM is setup based on this function.  
An experimental platform is carried out to identify the 
inductance coefficients. After taking a set of inductance 
measurements, the self- and mutual-inductances at different 
current level and different rotor positions are recorded. The 
LRRSS method is employed and the regression results are 
verified by FEA calculation. Based on the FEA results, the 
nonlinear inductance model is reasonable and effective to 
simulate the real machine. 
With the identified coefficients, the new SPMSM model is 
built up in MATLAB/SIMULINK. The unsaturated and the 
saturated inductance curves are simulated and the no-load 
operation simulation of the new model is also carried out.  The 
effect of the saturation saliency can be found from the 
simulation results.  
Based on this new comprehensive model, simulation of the 
new proposed novel drive methods will be possible which will 
avoid the experimental trial and error process, reduce the 
develop cycle time and save the research costs.  
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